Cultured human epidermal cells were treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in the presence or absence of epidermal growth factor (EGF). In both normal keratinocytes and a spontaneously immortalized keratinocyte (SIK) line, TCDD treatment in the absence of EGF induced a marked reduction in colony size and cell number, and it perturbed colony morphology. These effects were largely prevented by EGF, indicating that growth factor action in the cellular microenvironment may considerably modify TCDD action in target cells. Both TCDD and EGF substantially reduced expression of the differentiation markers keratin 1 and keratin 10 in the normal and immortalized cells, and did so in an additive fashion. The cells did not display a general loss of differentiated function, since several other markers, including involucrin, were little affected. EGF dramatically stimulated telomerase activity in SIK cultures, and TCDD prevented this action but not by reducing cell growth. However, EGF did not stimulate telomerase activity in normal human epidermal cells despite an evident increase in their growth. The growth factor stimulation of telomerase in the minimally deviated SIK line suggests that derepression of enzyme activity in normal cells may occur in a stepwise fashion during neoplastic progression. TCDD could act as a late stage tumor promoter by selecting for variants in which telomerase is constitutively active.
Introduction
In view of its great potency as a tumor promoter in mouse skin (1) and rat liver (2) and its perplexing species and tissue dependence for toxic effects (3), considerable effort has been focused on elucidating the mechanisms of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD*) action in target cells. Even within species, genetic differences among strains can dominate the outcome of exposure (4) . This agent is known to act through a high affinity stereospecific receptor for which a response element occurs in the promoter region of a number of genes (5) . Studying effects in target cells may thus permit identification of critical genes within this domain that are important for chronic toxicity and carcinogenesis. Indeed studies using cultured keratinocytes have identified a number of genes not previously known to be responsive, including a major cytochrome P450 (6, 7) , transforming growth factor-α (TGF-α) (8) and several others that could influence cell behavior (9, 10) .
Human skin has long been recognized as a target for TCDD and related chlorinated hydrocarbon toxicity, manifest primarily as chloracne (11) . Cultured normal and neoplastic human epidermal cells have been used as models for this response and to understand how TCDD perturbs keratinocyte function. Initial findings indicated that normal keratinocyte differentiation was stimulated at the expense of growth as judged by enhanced stratification, increased cross-linked envelope formation and a reduced proportion of small (basallike) cells (12) . TCDD-mediated increases in cell number in confluent cultures of human squamous carcinoma lines is attributable to inhibition of high density growth arrest (13) . In some cases the responses of cells to TCDD depended markedly upon culture conditions, such as the presence of hydrocortisone (14) , indicating the importance of the cellular microenvironment. In previous research, TCDD treatment of normal keratinocytes in the presence of epidermal growth factor (EGF) produced subtle changes in cell and colony morphology. By contrast, the present findings demonstrate striking morphological effects of TCDD in the absence of EGF. To explore this observation, normal human epidermal cells (hEp) have been compared with the spontaneously immortalized SIK line of human epidermal keratinocytes. The latter, minimally deviated from normal in growth requirements and differentiation (15) , provides a useful approximation to the normal cells for some purposes.
Materials and methods

Materials
TCDD was purchased from the NCI Chemical Carcinogen Repository, Midwest Research Institute (Kansas City, MO) and EGF from Biomedical Technologies, Inc. (Stoughton, MA). Keratinocyte growth factor (KGF) preparations performed identically and were either purchased from Upstate Biotechnology (Lake Placid, NY) or were a generous gift from Drs J.Rubin and S.A.Aaronson. cDNA clones were generously provided from the following sources: human keratins K1, K5, K6, K10 and K14 (16) (17) (18) from Dr Elaine Fuchs; human profilaggrin (19) from Dr Philip Fleckman; human involucrin pλI-3H6B (20) from Dr Howard Green; and monkey SPR1 (21) from Dr Reen Wu. Probes for keratinocyte transglutaminase and glyceraldehyde phosphate dehydrogenase were those used previously (22) .
Cell culture SIK (passages [35] [36] [37] [38] [39] [40] , SCC9 and hEp strain E (passages 3-6) were propagated by standard procedures with 3T3 feeder layer support in a 3:1 mixture of Dulbecco-Vogt Eagle's and Ham's F-12 media supplemented with 5% fetal bovine serum, 0.4 µg/ml hydrocortisone, 10 ng/ml EGF, 5 µg/ml insulin, 5 µg/ml transferrin, 20 pM T 3 and 0.18 mM adenine (23) . Some experiments were performed in the absence of added EGF or in the presence of TCDD (5-10 nM, sufficient for maximal receptor-mediated effects). Ordinarily, spontaneously immortalized keratinocyte (SIK) cultures were inoculated with ™1000 cells/6-cm dish (or ™3000/10-cm dish), treated with TCDD starting at the first medium change and terminated after~20 days (when colonies in EGF-treated cultures began to touch) either by trypsinization and passaging or electronic counting, or by fixing and staining with Rhodanile Blue (24) . hEp cultures (10 cm dishes) were inoculated with ™60 000 cells except for those treated only with TCDD (™120 000 cells) and harvested after 8-12 days. SCC9 cells (6 cm dishes) were inoculated with 200 cells, treated with TCDD starting at the first medium change and harvested 10 days later. For histology, colonies were removed from the dishes with dispase (25) and formalin fixed; they were then paraffin embedded, sectioned, and stained with hematoxylin and eosin by standard procedures in the Histology Laboratory, University of California, Davis. Photographs were taken using phase contrast optics except for sections of colonies not treated with TCDD (brightfield) so that nuclei in the superficial cells were more obvious. Sections of control colonies stained moderately well with eosin, whereas sections of TCDD treated colonies stained poorly with this dye.
Northern blotting
Cultures were rinsed twice with phosphate buffered saline and total RNA was isolated using Trizol reagent (GIBCO/BRL), a modification of the guanidinium thiocyanate/acid phenol method (26) . Samples of RNA (15 µg/lane) were electrophoresed through 1% agarose gels containing 0.6 M formaldehyde. RNA was transferred to nylon membranes (Nytran, Schleicher and Schuell), fixed by UV crosslinking and baking, then prehybridized at 65°C for 1 h in 1 M NaCl, 0.1 M sodium phosphate, pH 6.5, 10 mM EDTA, 1% sodium dodecyl sulfate (SDS), 0.2 mg/ml denatured salmon sperm DNA, 0.1 mg/ml yeast tRNA. cDNA probes for hybridization were labeled with [ 32 P]dCTP using random primers (27) and added at 1ϫ10 6 c.p.m./ml to the prehybridization solution. After overnight incubation at 65°C, membranes were washed four times in 2ϫ SSC-0.2% SDS, then once in 0.5ϫ SSC-0.2% SDS. The washed blots were autoradiographed and quantitated by phosphorimaging.
Telomerase assay
Telomerase activity was measured using the telomerase repeat amplification protocol (TRAP) (28) . To prepare extracts, 10 5 trypsinized cells were lysed in 0.2 ml of ice-cold buffer containing 0.05% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate), 10 mM Tris-Cl (pH 7.5), 1 mM MgCl 2 , 1 mM EGTA, 5 mM β-mercaptoethanol, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride HCl and 10% glycerol. Samples were homogenized by repeated pipetting, held on ice for 20 min and centrifuged at 16 000 g for 20 min at 4°C. Supernatants (160 µl) were recovered, flash frozen in liquid nitrogen and stored at -80°C until use. Aliquots (3 µl, corresponding to 1500 cells) were assayed in 50-µl reaction mixtures containing 20 mM Tris-Cl (pH 8.3), 68 mM KCl, 1.5 mM MgCl 2 , 1 mM EGTA, 0.005% Tween 20, 0.1 µg of TS primer (5Ј-AATCCGTCGAGCAGAGTT), 0.5 µM T4 gene 32 protein, 50 µM of each nucleoside triphosphate and 2 µCi of [α-32 P]dCTP. Reaction mixtures were incubated 30 min at room temperature followed by polymerase chain reaction (PCR) amplification using 2 units of Taq DNA polymerase and 0.1 µg of CX primer (5Ј-[CCCTTA] 3 CCCTAA). The products (4 µl) were analyzed in 10% non-denaturing polyacrylamide gels. Extracts from the human squamous carcinoma line SCC9 (29) were used as positive controls, and these extracts treated with DNase-free pancreatic RNase (1 µg/3 µl for 20 min at 30°C) were used as negative controls. Telomerase activity under the various growth conditions was measured in duplicate in three experiments and quantitated by phosphorimaging of the radioactive gels. In control experiments, the activity was proportional to the number of cells assayed.
Results
Growth of SIK cultures is highly EGF-dependent. As shown in Figure 1 , TCDD treatment of SIK cultures in the presence of 10 ng/ml EGF (optimal for growth) had little if any effect on the expansion of keratinocyte colonies, although microscopically the cells appeared marginally less cohesive. By contrast, TCDD markedly reduced colony size in the absence of EGF. The EGF concentration dependence of colony expansion in the presence of TCDD (not shown) was indistinguishable from that observed in the absence of TCDD, as reported previously (15) . This effect of TCDD to reduce colony size was also observed in hEp cultures.
In the absence of EGF, the slowly growing SIK colonies were clearly stratified (Figure 2a and c) . Resembling the original report of normal human epidermal cell growth in the 3T3 feeder layer system under these conditions (30) , colonies contained a layer of basal-like cells, a spinous layer several cells deep and a superficial layer of nucleated and flattened squame-like cells. In parallel cultures treated with TCDD, colony expansion was considerably arrested, but stratification in the colony centers occurred nevertheless. Through the culture microscope, individual cells in most colonies were barely visible at the edges due to the mass of cells covering most of the colony diameter (Figure 2b) . Colonies of hEp treated in this way had an identical appearance. Sections through the SIK colonies revealed many enlarged cells above the basal layer but few flattened squame-like cells (Figure 2d) .
When SIK cultures were treated with TCDD starting shortly before confluence, the effect on colony morphology was less dramatic. In addition, an EGF concentration of 0.3 ng/ml was sufficient to stimulate growth only slightly, but it prevented the TCDD-mediated perturbation of colony appearance. In the absence of EGF, 3 µM sodium vanadate (which yielded 62 Ϯ 8% more cells after 10 days in two experiments) or keratinocyte growth factor (KGF) individually stimulated colony expansion, although only weakly. However, this was sufficient to antagonize the effect of TCDD on colony appearance. In contrast, treatment of the keratinocyte cultures with cholera toxin, which enhances growth by elevating cAMP levels (31), had little if any effect on the TCDD-mediated perturbation of colony morphology. Although it reduces differentiation and stratification in keratinocyte cultures, and reportedly antagonizes TCDD stimulation of envelope formation (32), all-trans-retinoic acid was nearly ineffective in antagonizing the effect of TCDD on colony morphology up to a maximally tolerated concentration of 0.1 µg/ml. Since alterations in keratinocyte colony morphology are often accompanied by changes in differentiation markers, expression patterns of several well-known markers were surveyed. The most striking changes were seen in patterns for keratins K1 and K10. In either SIK or hEp cultures, if the absence of both agents is taken as a baseline, growth with either TCDD or EGF in the medium produced substantial reductions in the keratin mRNAs (Table I ). The effect of TCDD and EGF together was markedly greater than either agent alone, reducing the mRNA levels to Ͻ10% of the controls. By contrast involucrin levels were altered only slightly (Ͻ40%) by TCDD, EGF or the combination. Similarly, small or negligible changes were observed (not shown) in the mRNA values for K5, K6, K14, filaggrin and SPR1 by these manipulations of the growth conditions.
The pattern of telomerase activity in the cultures in the various growth conditions was examined. Telomerase activity, though low, was clearly evident in the absence of EGF in SIK and hEp cultures, where they had essentially the same specific activity (on a per cell basis) in the TRAP assay. By contrast, the malignant keratinocyte line SCC9 (29) had 4-to 5-fold higher specific activity in parallel measurements. Supplementation of the medium with EGF had little effect on hEp telomerase activity but stimulated telomerase nearly 5-fold in SIK cultures (Figure 3a , right side). TCDD had no effect on telomerase activity in hEp cultures, but in SIK cultures treated with TCDD plus or minus EGF, the telomerase activity was virtually the same as in control cultures treated with neither agent. In these experiments, as shown in Figure  3A (left side), EGF produced a large stimulation of cell growth which TCDD did not affect. In parallel, the high telomerase activity in SCC9 cultures was not affected by TCDD ( Figure Fig 3b). EGF treatment increased the telomerase activity slightly as did the EGF plus TCDD combination (not shown).
To find whether the parallels in growth and telomerase activity were reflected in germinative potential, SIK cultures treated for 20 days with or without TCDD and EGF were compared for colony forming efficiencies. As shown in Table  II , the germinative capability of the cultures grown without EGF was only approximately half that of cultures grown in its presence (26% versus 10%). In the presence or absence of EGF, by contrast, TCDD had little observable effect. Normal epidermal cells were examined in parallel. Though an order of magnitude lower, the colony-forming efficiency in the presence of EGF (2.2%) was reduced by EGF deprivation (to 1.4%) but was not affected significantly by TCDD in either case, which was similar to observations of others who used serum-free culture conditions (10) .
Discussion
The present study was prompted by the observation that TCDD produces a dramatic alteration in keratinocyte colony morphology, which is prevented by EGF. That even a low EGF concentration is effective, suggests only a low level of the receptor-associated tyrosine kinase activity is necessary. The similar effects of KGF and vanadate, the latter being a known inhibitor of protein tyrosine phosphatase activity in keratinocytes (33) , are compatible with this interpretation, since they are not nearly as effective as EGF in stimulating colony expansion. Other EGF-related growth factors, such as amphiregulin, cripto, heparin-binding EGF-like factor and betacellulin, could well have similar effects. This raises the possibility that the species and tissue specificity of TCDD action in vivo may depend upon such factors in the microenvironment of exposed cells.
EGF and TGF-α are known to lengthen keratinocyte lifespan in culture and to stimulate migration and thus reduce colony stratification (34, 35) . The reduction of EGF receptors by TCDD, reportedly up to 60% in normal and malignant keratinocytes (30% in the present experiments in SIK cells), could suggest treatment would reduce the cell responsiveness to EGF and promote commitment to terminal differentiation (12) . However, the remaining receptors appear functional (36) and are in excess. Moreover, the reduction may well reflect autocrine and paracrine effects due to increased synthesis and secretion of TGF-α and related factors by TCDD (8) .
Keratins 1 and 10 are normally expressed in the suprabasal epidermis and suprabasally in cultured keratinocytes. Marked decreases in K1 and K10 have been observed in hairless mouse skin treated with TCDD, which is indicative of a disturbance in the differentiation program (37) . The marked suppression of K1 and K10 mRNAs in TCDD-treated cultures are thus consistent with this finding and provide a convenient culture model in which to explore this phenomenon. A previous study of TCDD-treated cultured mouse teratoma-derived XB keratinocytes detected increased 'keratinization' as judged by rhodamine staining but not changes in the pattern of keratin proteins (4) . Though EGF antagonizes the perturbation in colony morphology mediated by TCDD, and the two agents also act in opposition on telomerase, they reinforce each other in their action on these keratins. Suppressive effects of EGF on K1/K10 expression have been observed previously (38, 39) .
In accord with expression of telomerase activity in immortal cell lines, although exceptions have been reported (40) , the activity was readily detectable in the SIK line. This is highly compatible with the recent finding that telomerase is expressed in basal epidermal cells in vivo and in cultured human keratinocytes (41) . Telomerase activity appears undetectable ordinarily in normal human tissues with the exception of cells that are capable of extensive amplification or regeneration, including germ, hematopoietic (42) and epidermal cells. Expression of the latter activity can be increased by inflammatory processes (43) , or the E6 protein of the HPV-16 human papillomavirus in keratinocytes (44) , or by stimulation of cell cycling in T cells (45) , but the responsible signal transduction pathways are uncertain. The present finding that telomerase activity is modulated by EGF and TCDD in SIK but not hEp 482 cultures reveals an unexpected difference between the normal and minimally deviated cells.
The results suggest that telomerase regulation can be perturbed in a stepwise fashion during neoplastic progression, resulting ultimately in constitutive expression in malignancy. Telomerase activity appears to be suppressed in a number of immortal cell lines when they are quiescent (46) . Whether the activity is regulated in the latter as a consequence of cycling itself or through cross-talk from signaling pathways leading to growth remains to be determined. It will be of interest to find whether telomerase is stimulatable in premalignant keratinocytes by other growth factors besides EGF. In any case, this influence of EGF raises the possibility that growth factor independence conferred by an activated oncogene such as H-ras (47) may also promote the longevity of premalignant cells prior to immortalization.
In SIK cultures, the rate of growth appears not to be the determining factor in telomerase expression, since TCDD strongly suppresses the activity without affecting the growth rate. Further work will be required to determine whether TCDD acts in a transcriptional or post-transcriptional effect on telomerase component(s). Although TCDD did not significantly affect colony forming efficiency in the short term, its suppressive action on telomerase, at least in the absence of EGF, could lead to loss of replicative potential evident over a longer period. TCDD treatment of an initiated tissue could thus promote tumors by selecting for cells farther along the neoplastic progression that no longer depend upon stimulation by exogenous growth factors. This effect may even contribute to the reported ability of TCDD to promote acquisition of malignant properties in virally transformed human epidermal cells (48) .
